Duchenne muscular dystrophy (DMD) is a fatal disease of striated muscle deterioration caused by lack of the cytoskeletal protein dystrophin. Dystrophin deficiency causes muscle membrane instability, skeletal muscle wasting, cardiomyopathy, and heart failure. Advances in palliative respiratory care have increased the incidence of heart disease in DMD patients, for which there is no cure or effective therapy. Here we have shown that chronic infusion of membrane-sealing poloxamer to severely affected dystrophic dogs reduced myocardial fibrosis, blocked increased serum cardiac troponin I (cTnI) and brain type natriuretic peptide (BNP), and fully prevented left-ventricular remodeling. Mechanistically, we observed a markedly greater primary defect of reduced cell compliance in dystrophic canine myocytes than in the mildly affected mdx mouse myocytes, and this was associated with a lack of utrophin upregulation in the dystrophic canine cardiac myocytes. Interestingly, after chronic poloxamer treatment, the poor compliance of isolated canine myocytes remained evident, but this could be restored to normal upon direct application of poloxamer. Collectively, these findings indicate that dystrophin and utrophin are critical to membrane stability-dependent cardiac myocyte mechanical compliance and that poloxamer confers a highly effective membrane-stabilizing chemical surrogate in dystrophin/utrophin deficiency. We propose that membrane sealant therapy is a potential treatment modality for DMD heart disease and possibly other disorders with membrane defect etiologies.
Introduction
Duchenne muscular dystrophy (DMD) is a devastating progressive disease of striated muscle deterioration that results from the loss of the protein dystrophin (1, 2) . Most patients with DMD develop clinically significant cardiomyopathy during the second decade of life, with heart failure emerging as a leading cause of death in DMD (3) (4) (5) . Currently there are no effective therapies for the cardiomyopathy of DMD. Numerous therapeutic strategies have been proposed to impact striated muscle disease progression in DMD (6) (7) (8) (9) (10) (11) (12) . Most of these approaches focus primarily on the skeletal muscle manifestations of the disease, often leaving the deteriorating heart untreated (6, 7, 9-11). Thus, there is an urgent need to pursue new strategies to prevent, halt, or reverse the emerging heart disease in DMD.
The availability of small and large animal models of DMD has been instrumental in gaining insights into the molecular mechanisms of striated muscle disease progression. The golden retriever muscular dystrophy (GRMD) animal model of DMD has been invaluable for testing leading muscular dystrophy treatment modalities (9, 10, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Muscular dystrophy in GRMD animals closely recapitulates the timing and severity of disease progression observed in DMD human patients (23) (24) (25) (26) . GRMD arose from a spontaneous mutation in intron 6 of the dystrophin locus that eliminates a splice acceptor site, resulting in the skipping of exon 7 and a subsequent frameshift and premature truncation of the dystrophin protein (27) . In addition to the severe skeletal muscle pathology, GRMD animals have prominent cardiac lesions present as early as 6 months of age (25) , with ECG abnormalities present at 1 year (28) and profound myocardial contractile abnormalities by 20 months (29) .
In comparison to the muscle pathology present in dystrophic humans and dogs, the dystrophic mouse is comparatively mildly affected. Nonetheless, the mdx mouse model of DMD has been widely used and has been absolutely essential for drug, cell, and gene-based therapy investigations. In fact, an understanding of the mechanism(s) underlying the more mild disease in the mouse has provided unique insights into therapeutic approaches to attenuating the disease progression in larger mammals and human patients with DMD. In the dystrophin-deficient mouse heart, the primary defect reported at the level of isolated cardiac myocyte is a reduced compliance to passive extension (30) . Reduced myocyte compliance was found to be secondary to calcium influx through apparent micro-tears in the cardiac membrane during passive cell distension (30) . The poor passive compliance of cardiac myocytes is physiologically relevant in that during passive filling of the ventricle, individual myocytes are passively extended. The magnitude of these passive extensions is greater with the heightened venous return during periods of stress (30) .
Chemical-based membrane sealants have been tested acutely in mdx mice and recently proposed as a new therapeutic approach for cardiac membrane stabilization in muscular dystrophy (30) . This treatment modality aims to directly seal the membrane tears that occur in the absence of dystrophin. We recently showed that application of the membrane sealant poloxamer 188 (P188) confers acute cardiac protection in the mdx mouse model of DMD (30) . However, the translation from single-dose acute studies in mdx mice to long-term studies utilizing clinically relevant large animal models of DMD is an important and highly challenging endeavor. Therefore, a primary aim of the present work was to ascertain whether chronic intravascular infusion of membranestabilizing poloxamer would have long-term beneficial effects on the marked cardiomyopathy evident in GRMD animals. A second aim was to investigate at a cellular level a basis for the more severe heart disease in GRMD compared with mdx animals.
We report that chronic infusion of membrane-sealing poloxamer to dystrophic dogs reduces myocardial fibrosis, blocks increased serum cTnI and brain natriuretic peptide (BNP), and fully prevents LV remodeling. To our knowledge, this is the first treatment modality of any kind demonstrated to be safe and effective at blocking advanced heart disease in the GRMD model of DMD. In addition, using a novel micro-carbon fiber mechanical assay on living single myocytes (30), we report a markedly greater primary cell defect of reduced compliance in dystrophic canine myocytes compared with mdx mouse myocytes. Interestingly, we find that the GRMD myocardium does not display the compensatory increase in expression of the dystrophin homolog utrophin as shown in the mdx heart, a finding that could underlie the more severe cell-and organ-level pathology in GRMD animals. The implications of these findings and their potential translation to human studies are discussed.
Results

GRMD:
single-cardiac myocyte studies. Cardiomyopathy in the mdx mouse is relatively mild compared with that in either human DMD patients or GRMD dogs, suggesting that there may be significant differences in the pathophysiology of the disease between these species. In the mdx mouse, a reduction in the passive compliance of myocytes is an important feature of the disease (Figure 1; ref. 30 ).
To determine the passive properties of GRMD myocytes, we isolated membrane-intact cardiac myocytes and subjected them to passive extension-tension studies using a unique micro-carbon fiber assay (30) . Cardiac myocytes isolated from wild-type dogs well tolerated passive extensions throughout the physiological range of sarcomere lengths (1.8-2.2 μm; ref. 31) . In marked contrast to wild-type myocytes, GRMD myocytes were highly sensitive to passive extension and showed blunted compliance ( Figure 1 , A-C). These effects in GRMD myocytes were more pronounced than in the mdx myocyte ( Figure 1B; ref. 30 ). The marked sensitivity to passive extension could result from perturbations of the sarcomeric myofilaments. To directly assess this possibility, we chemically removed the surface membrane. This solubilization of the membrane allows direct investigation of the properties of the underlying myofilament-based tension-extension properties of the cell. Examination of GRMD dystrophic myofilaments revealed passive properties and calcium sensitivity similar to those of wildtype canine myocytes ( Figure 1 , D and E). These data indicate that the poor compliance of dystrophic myocytes stems from abnormalities requiring an intact sarcolemmal membrane.
Baseline in vivo hemodynamics in GRMD animals. In order to address the importance of poor myocyte compliance on global hemodynamic function of the heart, we subjected GRMD dogs to invasive catheter-based hemodynamic assessment. Eight adult GRMD dogs and 10 wild-type dogs were utilized in these studies (Table 1) . Animals were anesthetized, and baseline blood samples were drawn. Serum levels of cardiac troponin I (cTnI) were significantly elevated in GRMD dogs immediately after induction of anesthesia compared with unaffected anesthetized wild-type dogs (Figure 2A ). At rest, GRMD animals had normal serum cTnI levels (see below), indicating that general anesthesia alone provokes significant cardiac damage in GRMD but not in normal dogs. Anesthesia had no significant effect on elevated serum levels of creatine kinase (CK) ( Figure 2B and below) . In contrast to the mdx mouse model of DMD (30) , dystrophic dog hearts had no significant reduction in end-diastolic volume (Figure 3) , nor was end-diastolic pressure elevated (Table 2) .
GRMD dogs had significant hypertension, with increased ventricular and femoral artery systolic pressures, compared with wildtype dogs (Table 2) . Arterial elastance and total peripheral resistance were increased (Table 2 ), suggesting differences within the systemic vasculature of the dystrophic dogs. Differences in arterial function may also explain the increase in maximal rate of relaxation (dP/dt min ) in the absence of other indicators of improved diastolic function (tau and 90% relaxation time; Table 2 ). Early relaxation of ventricular pressure is aided by the filling of the coronary vasculature, and poor arterial compliance increases the reflection of the systolic pressure pulse back toward the heart. This increase in the reflected pressure pulse increases the pressure in the coronary vasculature and in turn increases the rate of early ventricular relaxation (32) .
After baseline measurements, dobutamine was infused (15 μg/kg/ min) until a peak effect was observed, at which time dobutamine infusion was stopped. In response to dobutamine, dystrophic dogs showed evidence of significant cardiac reserve function, with increased systolic and diastolic parameters similar to those observed in wild-type dogs ( Figure 3 and Table 2 ). After dobutamine infusion, a dynamic change in ventricular volume was observed in wild-type dogs; however, these changes were significantly attenuated in dystrophic dogs ( Figure 3 , E and F).
Acute infusion of membrane sealants in GRMD animals. During the initial hemodynamic protocol, an acute dose of P188 (460 mg/kg) was administered i.v. over a period of 15 minutes in a total volume of 3 ml/kg. This dose was sufficient to normalize the end-diastolic volume of the mdx mouse (30) . In the GRMD heart, this dose of P188 had no significant acute effect on the end-diastolic volume ( Figure 4A ). No significant changes in enddiastolic volume were observed in wild-type animals infused with equivalent doses of P188. Histological examination of heart sections from 1-year-old GRMD dogs not involved in the chronic study revealed the presence of extensive fibrosis when stained with Sirius red. This fibrosis takes 2 forms: large lesions associated with diseased myocardium and increased levels of fibrosis surrounding relatively normal myocardium ( Figure 4B ). Analysis of wild-type sections revealed only small amounts of collagen between layers of myocardium ( Figure 4C ).
We addressed the potential acute effects of P188 on the vasculature by determining several measures of vascular function. The elastic property of the large arteries was not altered by the acute administration of P188 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI41329DS1). Similarly, total peripheral resistance and peripheral blood pressure were unaffected by P188 (Supplemental Figure  1 ). These data are consistent with the selective action of P188 on the membranes of dystrophic cardiac myocytes.
During the hemodynamic assay, arrhythmic events were infrequent and not different between wild-type and GRMD dogs. Dystrophic dogs had significantly increased baseline heart rate and shortened P-R interval compared with wild-type dogs, neither of which were different after administration of dobutamine ( Table 2 ). The ratio of Q-wave to R-wave amplitude was significantly elevated in dystrophic dogs, but this effect was not altered by acute dobutamine (Table 2) . Acute infusion of P188 had no significant effects on ECG measurements in wild-type or dystrophic dogs (Supplemental Figure 2) .
Chronic infusion of poloxamer in GRMD animals. Continuous intravascular infusion of P188 or saline vehicle control was initiated in adult GRMD animals. Animals were randomized to treatment group. Baseline hemodynamic function was similar in the groups prior to chronic infusion of P188 or saline (Table 1) . After the initial hemodynamic assessment, a vascular access port was implanted on the flank and connected to an indwelling jugular catheter. The carotid artery was repaired, all incisions were closed, and the animal was allowed to recover from anesthesia. The next day, an infusion of 0.9% saline (0.4 ml/kg/h) was initiated in both groups, lasting 1 week. The serum half-life of P188 is 18 hours in dogs (33); thus, 1 week is sufficient to wash out any P188 remaining from the acute administration. After this washout and a surgery recovery period, the saline group continued receiving 0.9% NaCl at a rate of 0.4 ml/kg/h, and the P188 treatment group began receiving 60 mg/kg/h P188 in 0.9% NaCl at the same rate (0.4 ml/kg/h) for 8 weeks total treatment ( Figure 5A ). Ages of wild-type dogs are approximate. N/A, not applicable.
During the 8-week chronic infusion period, blood samples were taken periodically to monitor cardiac injury biomarkers. Salinetreated GRMD animals had significantly elevated serum concentrations of cTnI, evidence of cardiac injury. In contrast, serum cTnI levels were completely normal in the P188-treated GRMD animals ( Figure 5B ; P < 0.05 vs. saline). Serum CK levels were unchanged by P188 infusion ( Figure 5C ). The safety of P188 for both the renal and hepatic systems was assessed. Figure 5 , D and E, shows that during the course of the 8-week infusion, the dogs receiving P188 had no change in liver enzymes or evidence of azotemia. These results indicate that administration of P188 at 60 mg/kg/h for 8 weeks does not result in kidney or liver damage in GRMD animals.
Myocardial fibrosis is a consistent finding in both DMD patients and GRMD dogs (Figure 4 and refs. 5, 25, 34, 35) . Fibrotic lesions are thought to result from myocyte necrosis and subsequent inflammatory response. These fibrotic lesions likely increase the mechanical strain on neighboring myocytes, causing further myocyte necrosis and subsequent fibrosis over time. To assess the ability of chronically administered P188 to limit fibrosis, we stained cardiac tissue with Sirius red to identify mature fibrotic lesions. Upon quantification of the fibrotic area, GRMD animals receiving P188 had significantly less (P < 0.05) fibrosis than the GRMD group receiving saline ( Figure 6, A and B) . While P188 blunted lesion formation in GRMD animals, it did not restore myocardial lesion content to wild-type levels ( Figure 6B ). Chronic P188 administration to adult GRMD animals did fully block increases in the heart failure biomarker BNP ( Figure 6C ; P < 0.05).
Prior to randomization for the chronic study, there was no significant difference in LV geometry among GRMD saline-versus P188-treated animals (Table 1 and Figure 7 , A and C). After the 8-week infusion period, a second hemodynamic protocol was performed on the dystrophic dogs. During the course of the 8-week infusion period, GRMD dogs receiving saline developed significant LV dilation (P < 0.05; Figure 7 ). Dramatically, GRMD animals receiving P188 had no alteration in LV geometry, with no progression toward a dilated cardiac phenotype. LV geometry differences between saline and P188-treated GRMD animals were evident throughout the hemodynamic testing protocol ( Figure 7C ) and were particularly pronounced after the administration of dobutamine ( Figure 7, C-F) . The dilation of ventricular geometry in the saline GRMD group is consistent with ongoing cardiac injury and necrosis/fibrosis. Hemodynamic data also showed a significant enhancement in the isovolumic relaxation function in P188-treated GRMD compared with saline-treated GRMD animals ( Figure 7D) . The mechanism by which chronic P188 mediates improvements in diastolic function is not clear, but its determination would likely be of further benefit in DMD patients, where diastolic dysfunction is an early marker of cardiac disease (36) .
Myocytes isolated from dystrophic dogs after infusion with P188 or saline showed some significant differences in calcium handling. The amplitude of calcium release and kinetics of relaxation were both improved in myocytes isolated from GRMD dogs receiving chronic P188 infusion (Supplemental Figure 3) . These improvements in calcium handling resulted from the improved myocyte health in the group treated with P188, as opposed to a direct action of P188, which is washed out during the myocyte isolation procedure.
To determine the effects of chronic P188 administration on the primary cellular defect of dystrophin-deficient cardiac myocytes, we examined the passive tension-extension properties of isolated myocytes at the end of the infusion protocol ( Figure 8A ). As seen with myocytes from untreated GRMD dogs (Figure 1 ), single myocytes isolated from GRMD animals receiving saline were highly sensitive to even small extensions in length. In addition to showing poor myocyte compliance, saline-infused GRMD myocytes were highly susceptible to terminal contracture after mild sarcomeric extension (Figure 8 , A and C). Myocytes isolated from GRMD dogs receiving chronic P188, but with P188 washed out during the isolation procedure, had passive extension properties similar to those of dystrophic myocytes from untreated animals ( Figure 8A ), demonstrating that the P188 activity is readily reversed. However, acute administration of P188 to isolated GRMD myocytes, regardless of previous treatment, corrected the passive tension-extension relationship to levels similar to those of dystrophin-replete canine myocytes (Figure 8, B and C ). These data demonstrate that the severely attenuated passive extension-tension relationship of GRMD myocytes occurs secondary to the formation of membrane tears that are corrected in the presence of P188.
Utrophin expression in GRMD myocardium. The mechanism underlying blunted cellular compliance of GRMD cardiac myocytes is unknown. The mdx heart shows a marked upregulation of the dystrophin homolog utrophin, which may explain a mechanism by which mdx mice are relatively spared from the severe pathology observed in dystrophin-deficient dogs or humans (37, 38) . To determine whether similar upregulation occurs in GRMD hearts, we assessed utrophin levels in crude microsomal membranes isolated from the hearts of 2 untreated GRMD and 3 wild-type dogs. These studies revealed that, in contrast to the mdx mouse, the GRMD dogs lack upregulation of utrophin in their hearts (Figure 9) . Furthermore, the expression of utrophin was unaltered by the chronic infusion of P188 (Supplemental Figure 4) .
Discussion
This study provides the first evidence to our knowledge of an effective long-term treatment for the pronounced cardiomyopathy in a large animal model of DMD. Chronic intravascular infusion of membrane-sealing tri-block copolymer P188 was found to be safe and highly effective at limiting myocardial fibrosis and preventing the emergence of LV dilation in GRMD dogs, a severely affected animal model of DMD. Because the natural history of muscular dystrophy in canines and humans is comparable, both in severity and timing, and as poloxamers are used in human patients for other indications (39) (40) (41) (42) , these findings raise the potential of translating this approach as a viable treatment modality for human DMD patients.
Mechanism of cardiac disease severity in GRMD animals. The only published studies on membrane sealants and the cardiomyopathy of DMD have centered on single-dose acute applications of poloxamer in the mdx mouse (30) . The mdx mouse model of DMD continues to be valuable in elucidating mechanisms of disease and for the testing of new experimental therapeutics. One challenge for these investigations, however, is the somewhat mild cardiomyopathy in the mdx mouse compared with the severely affected GRMD animals. In addition, intracellular Ca 2+ handling in the mouse heart Values are shown as mean ± SEM (n = 7-10). A P < 0.05 versus wild-type. ESPVR, end-systolic pressure-volume relationship; PRSW, preload recruitable stroke work; RT-90, relaxation time to 90% of peak height.
is markedly different from that in the dog heart, which is highly comparable to human myocardium (43) . This is an important consideration, as the primary defect in the cardiac myocytes of mdx mice is micro-tears in the sarcolemma during passive cell distension leading to transient Ca 2+ entry. This leads to heightened passive tension-extension properties of the mdx myocyte (30) . Because GRMD animals are known to have pronounced cardiomyopathy (25, 28, 29, 44) , it was important to ascertain passive tensionextension function of the membrane-intact GRMD myocyte for comparison with that obtained recently in the mdx myocyte (30) . Results here showed significantly reduced compliance of GRMD compared with mdx myocytes (Figure 1 ) (30) . Even for small excursions in length from baseline sarcomere lengths (>1.8 μm), GRMD myocytes had abnormally high passive tension not seen previously in mdx or wild-type cardiac myocytes. The quantitative difference in compliance defects between dystrophic dog and mouse isolated myocytes suggests important mechanistic differences in cell structure/function in these models. Another important new finding of this study is that membrane-intact cardiac myocytes from GRMD dogs lack a key cellular adaptation present in the mdx myocardium in terms of upregulation of the dystrophin homolog utrophin (37, 38) . Utrophin is highly homologous to dystrophin, sharing many of the same structural domains (45) . In wild-type mice, very little utrophin is expressed in the heart. In the mdx mouse, where dystrophin is absent, utrophin protein expression is significantly increased and localized to the sarcolemma, where dystrophin is normally found (37, 38) . Furthermore, transgenic expression of utrophin in dystrophin-deficient muscle prevents pathology and restores normal function (46, 47) . Utrophin is thought to function as a dystrophin surrogate, providing increased structural integrity to the dystrophin-deficient membrane, reducing the prevalence of membrane tears, and limiting myocytes loss. In this context, our new finding that utrophin expression is not increased in the GRMD myocardium provides a mechanism to account for the increased mechanical stiffness and susceptibility to damage of the GRMD compared with mdx myocardium. These dystrophic myocyte structure-function results form the core of a model to help explain the marked organ-level disease severity in GRMD animals ( Figure 10 ). Findings here and elsewhere (28, 30) show that myocyte passive distension, as would normally occur during diastolic filling of the ventricle, are shifted markedly leftward in dystrophin deficiency ( Figure 10A ), indicating marked stiffness of the membrane-intact cell. In model systems whereby dystrophin deficiency is accompanied by upregulation of utrophin (e.g., mdx), myocyte compliance is partially restored toward normal ( Figure 1B and Figure 10B ). Differences in the severity of the cell compliance defect could, in turn, account for the greater fibrosis in GRMD than mdx hearts owing to increased myocyte loss. The results obtained here suggest that lack of upregulation of utrophin in GRMD myocytes causes significant membrane destabilization, limiting cell membrane integrity and therefore compliance, culminating in worsening organ-level pathology ( Figure 10B) .
Chronic membrane sealant and the dystrophic heart. The presence of membrane micro-tears constitutes a primary cellular deficit of dystrophin-deficient cardiac myocytes that is readily corrected by the direct application of membrane sealants. Membrane sealants prevent breaches in membrane barrier function by inserting into the disrupted phospholipid bilayers of membranes (30, 48) . In this context, it is surprising that P188 had no acute effect on in vivo hemodynamics in GRMD animals. This contrasts with P188's immediate acute effects of restoring normal ventricular geometry to mdx hearts in vivo (30) . We speculate that lack of an acute organ-level effect in GRMD animals relates to the greater fibrosis present in the adult GRMD heart, such that it provides temporary structural support, preventing the acute expansion of the ventricle despite the normalization of cardiac myocyte passive properties. However, as cell lysis and subsequent fibrotic remodeling ensues, GRMD progresses to a dilated cardiomyopathy, as reported here ( Figure 8B) .
What accounts for the beneficial effects of long-term application of P188 on GRMD hearts? We propose that long-term administration of P188 maintains myocardial membrane function and prevents myocardial necrosis, as shown by significantly lower levels of cTnI in the treated GRMD dogs. The prevention of myocardial necrosis by chronic P188 can also account for the reduction in the amount of fibrosis in the P188-treated GRMD heart. Attenuation of the number and size of lesions present in the heart would decrease the stress on the remaining viable myocardium and serve to limit cardiac remodeling and block ventricular dilation. It is of note that the progression of disease appears to accelerate after the initiation of the chronic infusion protocol in GRMD dogs receiving saline alone, as measured by biomarkers of cardiac necrosis. The reasons for this observed acceleration are likely to be multifactorial, including residual cardiac injury after initial surgical procedure, increased manipulation during the infusion protocol, and the extra weight of the infusion pump and solutions on these animals. However, none of these would be expected to disproportionately affect saline-infused animals. All of these factors would increase the stress on viable cardiac myocytes. This extra stress would be expected to increase the frequency of mechanically induced disruptions of membrane integrity that are an important inciting event in the pathophysiology of dystrophin deficiency in the heart. This accelerated disease progression makes the protective effects of P188 even more notable. Under conditions in which untreated dystrophic hearts are deteriorating, P188 appears to halt the progression of the disease.
The loss of membrane integrity results from mechanical sheer stresses placed on the membrane by the movements of the extracellular matrix and the underlying myofilaments. These stresses are more frequent and greater in magnitude during times of cardiac stress, suggesting that membrane sealants may be particularly effective during these events. One important and predictable cardiac stressor is general anesthesia. DMD patients commonly undergo major surgical procedures to correct orthopedic dysfunction. These procedures have the potential to result in significant cardiac stress secondary to blood loss and hypotension. Moreover, in untreated GRMD animals, general anesthesia alone was sufficient to induce significant increases in cTnI, a marker of myocardial necrosis and cardiac injury. Given the low rate of cardiac regeneration, the progressive and unabated loss of cardiac myocytes would ultimately cause ventricular dilation and deficits in global cardiac function. Thus, cardiac myocyte membrane damage is an inciting event that initiates a cascade of deleterious processes that eventually lead to cardiomyopathy and ventricular remodeling. Our results suggest that application of membrane sealants during times of anticipated cardiac stress would disrupt this spiral of cardiac damage early on, thus halting the progression of the dystrophic heart disease. In summary, our data establish a cellular basis for the severe cardiac damage observed in dystrophin-deficient dogs. The cellular defect of marked reduction in myocyte compliance, due to dystrophin deficiency and the absence of utrophin upregulation, was corrected by membrane sealant P188. Chronic application of P188 was highly effective in preventing cardiac injury and ventricular remodeling in a severely affected large animal model of DMD. P188 is FDA approved for short-term applications in humans. In this chronic study in GRMD animals, P188 was also shown to be safe in GRMD animals. These findings have significant clinical relevance, as P188 has the potential to halt the progression of dystrophic cardiomyopathy, which is the second most common cause of death in DMD patients. In addition, we further speculate that membrane sealant therapy may extend to a myriad of acquired cardiac diseases in which dystrophin structure-function and membrane integrity are known to be compromised, including viral myocarditis, myocardial ischemia, and heart failure (49-52).
Methods
Animals. Adult GRMD dogs were obtained from a colony maintained at the University of North Carolina, Chapel Hill. GRMD dogs were identified based on elevation of serum CK and subsequently developed characteristic clinical signs. Genotype was confirmed by PCR in most dogs. Approximately age-matched, heartworm-negative normal dogs of mixed breed provided by R & R Research were used as wild-type dogs. All animals were used and cared for according to principles outlined in the NIH Guide for the care and use of laboratory animals (NIH publication no. 85-23. Revised 1985) and protocols reviewed and approved by the Institutional Animal Care and Use Committee of the University of Minnesota.
Vascular access port placement and hemodynamics. Premedication consisted of morphine (1 mg/kg; i.m.) and midazolam (0.3 mg/kg; i.m.); some of the wildtype dogs required a supplemental dose of acepromazine (0.05 mg/kg; i.m.). Anesthesia was induced with intravenous propofol (4 mg/kg) and maintained at a surgical plane of anesthesia with either isoflurane or sevoflurane. After placement of a femoral arterial catheter, the left jugular vein and carotid artery were isolated. A 6 French introducer was inserted into the left carotid and secured with a purse-string suture. Under fluoroscopic guidance, a 5 French 10 electrode pressure-volume catheter (SPR-554-11, Millar Instruments) was advanced through the aortic valve into the lumen of the left ventricle and positioned to give strong signals in all 7 segments and appropriate 
Figure 8
In vitro passive tension-extension relationships in intact GRMD cardiac myocytes after chronic infusion. After the 8-week infusion, myocytes were isolated from P188-(red) and saline-infused (blue) GRMD and wild-type dogs. Passive tension-extension relationships of dystrophic cardiomyocytes in the absence (A) and presence (B) of acute application of 150 μM P188 are shown. The black curve in B is derived from wild-type myocyte data in A and is included as a reference. SL, sarcomere length. (C) Comparisons of maximum stable sarcomere length (Max SL) between the groups. *P < 0.05 versus wild-type; † P < 0.05 versus chronic saline GRMD group; ‡ P < 0.05 versus chronic P188 GRMD group. Values are shown as mean ± SEM. All points were derived from 5-7 myocytes isolated from 4-5 dogs. All data were analyzed with 1-way ANOVA and Bonferroni's multiple comparisons post-hoc test. MD, GRMD.
pressure-volume loops. The catheter interfaced with a MPVS Ultra signaling conditioning unit (Millar Instruments), and data were collected by a DAQ-16 acquisition unit and Ponemah software package (DSI). During the initial hemodynamic protocol, measurements were taken at baseline, after an infusion of dobutamine (15 μg/kg/min), after a return to baseline values, after an infusion of P188 (460 mg/kg), and after a second dobutamine infusion. Concurrently with the hemodynamic study, a pulmonary artery catheter was placed, its position verified by observation of a pulmonary artery pressure tracing. Also implanted was a stainless steel vascular access port (VAP; CP4AC-5IS-SS, Access Technologies). The VAP was implanted approximately 5 cm caudal to the spine of the scapula and approximately 10 cm from the dorsal midline. A 22-gauge right-angle Huber needle was introduced into the VAP and secured with 2-0 Prolene. A 5 French silicone catheter was tunneled subcutaneously to the neck incision. After completion of the hemodynamic protocol, a bolus of 10% NaCl was injected directly into the pulmonary circulation, allowing for calibration of the conductance volume. After removal of the pulmonary artery catheter, the heparin-flushed catheter connected to the VAP was then introduced into the jugular vein such that the tip was near the right atrium. At the completion of the hemodynamic protocol, the carotid was repaired, all skin incisions were closed, and the animals were allowed to recover. Average induction to extubation period was approximately 6 hours. Once fully recovered, animals were placed in fitted jackets (Lomir Biomedical) that protected the VAP site.
Figure 9
Utrophin expression in GRMD hearts. (A) Western blot analysis of utrophin and dystrophin KCl-washed crude microsomal membranes isolated from wild-type and GRMD dog hearts. (B) Quantification of the levels of utrophin expression observed in A.
Figure 10
Model of the cellular basis for severe cardiomyopathy in GRMD animals. (A) A schematic of membane-intact cardiac myocyte passive tensionextension curves. In the presence of dystrophin, myocytes show compliance throughout the working sarcomere length range (black line). In the absence of dystrophin, the cardiac myocytes become very noncompliant and resistant to passive extensions (gray line), as seen in GRMD myocytes. Upregulation of utrophin partially restores the passive extension-tension properties of the dystrophin-deficient myocytes (dotted line), as seen in the mdx myocytes. (B) Cellular model depicting the normal mechanical stabilizing function of dystrophin (blue) in wild-type animals. In wild-type cardiac myocytes, upon passive cell extension (lower scheme), dystrophin protects the membrane from damage. In the mdx myocytes, dystrophin is absent, but utrophin (red) is upregulated and partially replaces the mechanical buffering properties of dystrophin. This provides some, but not full protection of the membrane from mechanical damage. Hence, with cell extension, there is some membrane damage. In the dystrophin-deficient dog myocytes (GRMD), utrophin is not upregulated. Thus, upon cell extension, there is more damage to the membrane.
